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SIFAT-SIFAT KEJURUTERAAN DAN STRUKTUR MIKRO KERJA BATA 
DI BAWAH PERSEKITARAN AGRESIF 
 
ABSTRAK 
 
Kajian ini melaporkan pengaruh persekitaran agresif terhadap sifat-sifat mekanikal 
dan prestasi sistem batu-bata. Kajian ini melibatkan pengukuran ubahbentuk 
lembapan, kekuatan dan modulus keanjalan dinding batu-bata selapis yang telah 
dibina dengan bata tanah liat bakar dan kalsium silika menggunakan mortar gred (iii) 
dengan nisbah 1: 1: 6 (OPC: kapur: pasir). Selepas dibina,  dinding-dinding batu-bata 
telah diawet dengan menggunakan plastik “polythene” selama 14 hari dalam bilik 
kawalan suhu 20±5ºC dan lembapan 80±5%. Dinding-dinding batu-bata kemudian 
telah didedahkan dengan sodium sulfat, sodium klorida dan sodium sulfat-sodium 
klorida dengan kepekatan 5%, 10% dan 15%. Kekuatan mampatan dan modulus 
keanjalan telah diuji pada usia 28, 56 dan 180 hari. Manakala ubahbentuk dinding 
batu-bata telah dipantau sehingga usia 210 hari. Ubahbentuk lembapan, kekuatan dan 
modulus keanjalan unit batu bata dan prisma mortar juga telah diuji dan 
membolehkan peranannya terhadap sebarang perubahan bentuk dinding-dinding 
batu-bata dapat ditentukan. Selain daripada itu, sifat-sifat dinding batu-bata, unit-unit 
batu-bata dan mortar kawalan juga diuji agar kesan-kesan terhadap persekitaran 
agresif dapat diukur. Selanjutnya, analisis XRF juga telah dijalankan bagi 
menentukan kandungan elemen yang sediada wujud dalam batu-bata dan mortar. 
Manakala,  analisis XRD, SEM dan EDX telah dijalankan selepas usia 180 hari bagi 
menentukan sebatian-sebatian yang wujud selepas didedahkan terhadap garam-garam 
terlarut. Hasil ujikaji menunjukkan berlakunya pengembangan dan pengurangan 
kekuatan dan modulus keanjalan dinding batu-bata terutama dalam kes dedahan di 
dalam sulfat. Ia berkait dengan pembentukan kristal-kristal “ettringite” dalam mortar 
yang mengakibatkan pengembangan, keretakan dan penguraian mortar yang 
seterusnya menyebabkan penguraian dinding-dinding batu-bata. Pembentukan 
“thenardite”  telah ditemui dalam  batu-bata tanah liat bakar dan kalsium klorida 
disebabkan oleh pendedahan terhadap sulfat, manakala  “halite” dalam batu-bata 
kalsium silika dan mortar yang disebabkan oleh kehadiran klorida, tetapi ia tidak 
menyebabkan kesan yang ketara terhadap dinding batu bata.  Model-model komposit 
telah menganggar kurang dari nilai sebenar terhadap modulus keanjalan dan 
ubahbentuk lembapan dinding-dinding batu-bata yang telah didedahkan terhadap 
persekitaran agresif.  Dinding-dinding batu-bata tanah liat bakar dan kalsium silika 
menunjukkan prestasi yang baik dalam persekitaran klorida tetapi lemah dalam 
persekitaran sulfat dan gabungan sulfat-klorida disebabkan oleh pembentukan 
kristal-kristal “ettringite”. 
 
 
 xxvi 
 
ENGINEERING PROPERTIES AND MICROSTRUCTURE OF 
BRICKWORK UNDER AGRESSIVE ENVIRONMENT 
 
  ABSTRACT 
 
The influence of aggressive environmental exposures on the mechanical properties 
and performance of masonry systems has been investigated. The investigation 
involved the measurement of moisture movement, strength and modulus of elasticity 
of single leaf masonry walls which were built from fired-clay and calcium silicate 
bricks in conjunction with designation (iii) mortar with proportions of 1: 1: 6 (OPC: 
lime: sand). After being constructed, the masonry walls were cured under polythene 
sheet for 14 days in a controlled environment room with temperature of 20±5ºC and 
80±5% relative humidity. They were then exposed to sodium sulphate, sodium 
chloride and sodium sulphate-sodium chloride solutions at different concentrations of 
5, 10 and 15%. The strength and elastic modulus of the brick walls were determined 
at the ages of 28, 56, and 180 days. At the same time, the moisture movement of the 
brick walls was monitored up to 210 days. The moisture movement, strength and 
modulus of elasticity were also measured on the unbonded bricks and mortar prism 
so that the contribution of brick types and mortar on the deformation of the masonry 
walls could be quantified.  In addition, the properties of companion control walls, 
brick units and mortar were also assessed so that the effects of the aggressive 
exposure conditions could be quantified. XRF analysis was also carried out to 
determine the actual elements in the masonry materials before being exposed to 
soluble salts. XRD, SEM and EDX analysis were conducted after 180 days to 
observe the compounds developed after the exposure the soluble salts. As a result, 
after the period of exposure to the soluble salt conditions, large expansion and 
reduction in strength as well as elasticity of masonry wall were observed in particular 
for the case of sulphate exposures. These are mainly associated with the formation of 
ettringite crystals in the mortar, inducing expansion, cracking and disintegration of 
the mortar which led to the disintegration of the masonry walls.  The formation of 
thenardite was observed in the fired-clay and calcium silicate brick due the exposure 
to sulphate, whereas halite formation was observed for the case of calcium silicate 
brick and mortar, due the exposure to chloride, but they did not cause any significant 
effect on the masonry walls. The composite model underestimated the modulus of 
elasticity and moisture movement of masonry wall which were exposed to the 
aggressive environments.  Both the fired-clay and calcium silicate masonry walls 
exhibited better performance in chloride environment than in sulphate exposure and 
sulphate – chloride exposure due to the formation of expansive ettringite crystals.  
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CHAPTER 1 
 
 
INTRODUCTION  
 
 
1.1 General 
 Masonry walls are composite structures defined as macroscopic combinations 
of two or more distinct materials having a finite interface between them. The quality 
of raw materials and the method of brick manufacturing can influence the strength 
and durability of brickwork. Surej et al. (1998) revealed the various factors that may 
adversely affect the performance of a material during the course of time, such as 
material properties, masonry structures, environmental conditions and maintenance.  
  
 Considering the factors affecting durability is very important because these 
properties can influence brick/mortar compatibility. The durability properties of 
bricks should also be evaluated for the proper selection of building materials in 
construction to ensure that the strength and performance of brick walls are 
maintained when subjected to an aggressive environment during their service life.   
  
 Khalaf and DeVenny (2002) found that the main factor influencing the 
durability of masonry is the degree to which it becomes saturated with water. 
Saturation can occur in three ways: directly through rainfall, indirectly when water 
moves upward by capillary action from foundation, or laterally from retained 
material. However, Zsembery (2001) suggested that the most important factors are 
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the severity of the environmental conditions to which the units are exposed, such as 
moisture and the availability of soluble salts. These two are the main factors for the 
salt attacks. The salt attack occurs when the soluble salt drawn into its pores cannot 
be evaporated with the moisture. As a result, the salts build up as crystals underneath 
the wall surface and the expansion pressure develops could be sufficient to 
deteriorate and rupture the masonry structure, causing crumbling, even for strong 
masonry materials.  
  
 Masonry structure design is focused mainly on the ability of the structure to 
resist applied loads, however deformations that arise from other effects such as 
variations in temperature and moisture content (Bremner, 2002). The design and 
subsequent use of these structures are therefore limited by the properties of the 
material.  The material properties are depends on the manufacturing process which 
would influencing the microstructure of the materials.  
 
Fernandes and Lourenco (2007) noted that mechanical characterization is a 
fundamental task for safety assessment and structural work, where the compressive 
strength is a key parameter in the case of masonry structures. In fact, Kaushik et al. 
(2007) believed that the strength and stiffness of the masonry lies between the 
strength of the bricks and that of mortar. Furthermore, in the case of fired-clay 
bricks, the mechanical properties of the brick are very relevant because the resistance 
and durability of the masonry depend significantly on the characteristics of the bricks 
(Fernandes and Lourenco, 2007). 
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 The ability to resist salt attacks is one of the main considerations because salt 
attacks cause damage to masonry materials in sub-tropical and tropical climates 
(Philips and Zsembery, 1982). Malaysia experiences hot and moist conditions with 
heavy rains; therefore, it has the potential to encounter the same problems. The lack 
of consciousness among Malaysians in the salt attack problems in the brickwork 
hinders the government from solving the problems efficiently and at the same time 
causes the increase in the cost of brickwork maintenance. Therefore, the aim of this 
study is to investigate the influence of aggressive environments, such as sodium 
sulphate and sodium chloride, on the engineering properties and microstructure of 
masonry walls. 
 
 
1.2 Problem statement 
 Salt attack is one of the major causes of decay to masonry wall materials such 
as brick and mortar. This phenomenon occurs due to the presence of soluble salt in 
the material after the evaporation process. The process normally produces 
efflorescence or salt crystals. The methods of formation of both phenomena have 
similar chemical reactions.   
  
 Efflorescence or flowering on the wall surface normally occurs when the 
soluble salt transported by the moisture to the surface cannot evaporate during 
wetting and drying periods. This salt is left behind and is deposited as a white bloom. 
The point at which the salt appears in solid form is exactly where the majority of the 
surface evaporation takes place.  
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 Salt crystallization begins when the moisture cannot dissolve all the salt 
present. Bremner (2002) indicated that when the rate of the migration of the salt 
solution through the masonry material pores is lower than the rate of evaporation, the 
drying zone forms below the surface. The salts will grow as minute crystals within 
the pores and may lead to expansion due to the crystallization pressure. More 
importantly is a degradation process that leads to the reduction in the strength or 
ultimately the destruction of the masonry material affected. 
  
 In practice, sodium sulphate and sodium chloride cause most cases of salt 
attacks (Zsembery, 2001). Sodium sulphate is normally present in many bricks and 
stones, in Portland cements, and in some groundwater. They are formed from sulfur 
dioxide and sulfurous acid in the atmosphere (Jordan, 2001). Chloride comes from 
the salt-laden air near the sea through the mixture of water and groundwater. Salts in 
the masonry wall are either present in the masonry at the time of building or 
absorbed from the atmosphere or groundwater during the life of the building. The 
source of salts may be one or a combination of the following (Young, 1995):  
(i)        Saline soils and groundwater 
(ii)        Sea spray 
(iii)       Air-borne salt 
(iv)      Air pollutants 
(v)       Biological, such as pigeon poop, microorganism, leaking sewers 
(vi)      Salt naturally occurring in stone, brick clay, or mortar sand 
(vii) Salt water used for puddling brick clay or mixing mortar 
(viii) Salts used for de-icing roads in cold climates 
(ix)      Inappropriate cleaning compounds 
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 In a study on the restoration of a municipal building in Penang, Malaysia, 
Ahmad (2004) found that the percentage of sulphate exceeded the safe level of 
0.020%, with the highest level recorded at 6.27%. The presence of a very high level 
of sodium sulphate may deteriorate the surface of the brick and mortars, causing the 
loss of binders and cohesion. In the latest findings, Kamal et al. (2007) indicated that 
since the 1970s, many of the heritage buildings in Malaysia have been demolished 
because the defects were not noticed due to the lack of technical knowledge and the 
high cost of repair and maintenance. Building defects normally occur along the 
external wall due to chemical action, dampness, salt crystallization, and so on. 
Malaysia also has many peat soil areas, and according to Wan Ibrahim et al. (2007), 
the acid level in this area is very high with a water pH of 2 to 4. This clearly 
indicates that Malaysia, as a tropical country, is highly susceptible to salt attacks.  
  
 A number of previous studies have been conducted on salt attacks on 
masonry materials and these are discussed in Chapter 2. However, most studies did 
not focus on the influence of the degree of salt attack and the consequence on the 
structural performance of masonry walls. This issue is very important, because the 
understanding of the mechanism of deterioration will be useful in the production of 
more durable materials and determining an effective repair scheme.  
 
 
1.3 Objectives  
 This study is primarily focused on the effects of sulphate and chloride attacks 
on the mechanical properties and structural performance of masonry walls under 
aggressive conditions. The main objectives of this study are as follows: 
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(i)    To characterize the effects of aggressive salt exposure on masonry walls 
(ii)    To investigate the effects of aggressive salt exposure on the properties and 
performance of masonry walls  
(iii)   To study the influence of aggressive salt exposure on the microstructure of 
fired-clay and calcium silicate brick. 
(iv)   To determine the elastic modulus and moisture movement of fired-clay 
brick and calcium silicate brick masonry walls due to aggressive salt 
environment  
 
 
1.4 Scope of the study 
 This study involves the construction of a single leaf wall combined from two 
types of bricks, i.e., fired-clay brick and the calcium silicate brick, with the selected 
mortar ratio of 1:1:6 (Ordinary Portland cement: lime: sand) throughout the 
investigation. The fired-clay brick selected because it is very famous brick and 
widely used in the country. Meanwhile, the calcium silicate brick selected because 
the study on this type of brick in Malaysia is very limited and still lacking the 
technical information under local saline environment.  
 
 This study carried out in three phase. In the first phase, the walls and their 
corresponding unbonded brick units and mortar prisms were cured under a polythene 
sheet for 14 days and were then exposed to sodium sulphate and sodium chloride 
environments, as well as to a double salt environment, which is a combination of 
sodium sulphate and sodium chloride solution. The compressive strength and 
elasticity of specimens were measured after 28, 56, and 180 days. The testing carried 
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out only up to 180 days because the overall effect of the solution obviously appears 
at this age. The basic properties, such as water absorption, porosity, initial rate of 
suction and etc of the masonry materials were also measured.  
  
 In the second phase, the shrinkage or moisture movement of the masonry 
walls and unbonded mortar prisms and units were monitored up to seven. 
Measurement to determine the modulus of elasticity and shrinkage or moisture 
movement were made and compared with the prediction data using an existing 
model. Finally, in the third phase the deteriorated parts of the broken samples tested 
after 180 days were chosen for microstructure observation. Scanning electron 
microscopy (SEM) was carried out to identify the element or compound formed by 
the soluble salts solution. X-ray powder diffraction (XRD) was used to support the 
SEM observation result in determining the mineralogical compositions of the fired-
clay brick masonry. 
 
 
1.5 Masonry materials 
 Bricks, especially fired-clay bricks, have been used as building materials for 
thousands of years; they comprise about 15% to 17 % of building materials. 
Currently, the method of production is modern and more advanced. Calcium silicate 
or sand lime bricks are produced in Malaysia but only constitute a small percentage 
of the total demands in the market. Calcium silicate bricks are also not as popular as 
fired-clay bricks. In Malaysia, the standard size is similar with the British Standard, 
which is 215 mm long x 102.5 mm wide x 65 mm high, and is bonded with a 10 mm 
mortar thickness. Fired-clay bricks and calcium silicate brick were selected because 
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no literatures in terms of their performance in local saline environments were 
discussed in-depth locally from previous researchers.  
 
 
1.5.1 Fired-clay brick 
 Fired-clay brick is made from selected clay and is produced by shaping it to 
the standard shape and size. The brick is then fired for 10 to 40 hours in a kiln at a 
temperature of 750 to 1300 ºC. The time and firing temperature vary, depending on 
the raw material used and the type of kiln. However, if the brick is under-fired, the 
brick produced will be weak due to the poor bonding between the clay particles. 
According to Lynch (1993), under-burnt brick is generally softer than its 
counterparts, whereas an over-burnt brick is harder, darker, and often smaller. 
Nevertheless, fired-clay bricks still have a similar size, shape, and function compared 
with other types of bricks such as cement sand bricks and calcium silicate bricks but 
may possess different deformation characteristics.  
 
 BS 3921:1985 classifies fired-clay brick into three classes with different 
advantages and appearances: the engineering brick for situations demanding high 
strength and durability, the common brick for general building work, and the facing 
brick for interior work. Fired-clay bricks are also classified according to their 
resistance to soluble salt content and frost; however, due to the climatic conditions in 
Malaysia, MS 76: 1972 did not consider frost resistance in the design.  
 
 The classification of fired-clay bricks depends on compressive strength and 
water absorption. However, the most important property of the masonry unit is 
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compressive strength, which is relevant to the strength of a masonry wall. The 
compressive strength depends on the dimensions and types of units. Bingel (1993) 
reported that the clay used in brick production is a very variable material and as a 
result, the properties of brick, such as water absorption, elastic modulus, and 
strength, can vary widely even if the bricks come from the same batch of units. Wild 
et al. (1997) analysed the chemical composition of the four fired-clay brick types 
from Britain, Denmark, Lithuania and Poland (Table 1.1). There found that the 
chemical composition of the four fired-clay brick types are similar. 
 
Table 1.1: Chemical composition (wt%) of the four fired clay brick types  
(Wild et al.1997) 
 
Oxide content Denmark Lithuania Britain Poland 
SiO2 74.09 58.02 54.83 72.75 
TiO2 0.66 0.77 0.97 0.84 
Ae2O3 12.73 15.28 19.05 15.89 
Fe2O3 4.74 6.26 6.00 4.97 
MnO 0.07 0.08 0.06 0.02 
MgO 1.34 3.80 1.17 1.20 
CaO 1.19 8.07 9.39 0.87 
Na2O 1.29 0.71 0.50 0.27 
K2O 3.08 4.12 3.15 2.17 
BaO 0.055 0.056 0.039 0.050 
P2O5 0.12 0.15 0.20 0.10 
Cr2O3 0.015 0.022 0.029 0.022 
SrO 0.014 0.016 0.053 0.012 
SO3 0.006 0.139 2.90 0.070 
LOI 0.25 2.11 1.48 0.36 
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1.5.2 Calcium silicate brick 
 Calcium silicate bricks are considered advanced building materials 
manufactured by mixing silica sand, lime, and water. Aggregates such as crushed 
rocks or flints may be incorporated to alter the performance and appearance. 
According to Nurdeen (2011) indicated that the main oxide that comprised the 
highest mass was silica (SiO2) with a mass about, 84%; lime (CaO), 5 to 10%; 
alumina and oxide of iron, 2%; water, magnesia and alkalis, 7%, respectively. The 
mixture is then pressed with a high pressure and undergoes autoclaving, which 
involves curing in high pressure steam about 400°F for several hours.  
 
In the autoclave, the lime reacts chemically with the silica to produce calcium 
silicate hydrate, which acts as the binding medium. They are also available in several 
colors, depending on the pigment added at the mixing stage. In contrast to that of 
fired-clay bricks, the strength of calcium silicate bricks is lower, and its size also 
shrinks with time. Its dimensional control is also better than that of fired-clay brick.  
 
 Calcium silicate bricks are also suitable for use in both external and internal 
walling. They are available as common or facing bricks. As for fired-clay bricks, the 
calcium silicate bricks also are available in a solid or a frogged units and are made to 
a standard size of 216 x 102.5 x 65 mm.  
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1.5.3  Mortar 
 Mortar is the second component in brickwork, accounting for as little as 7 
percent of the volume of a masonry wall. Good mortar is a vital importance in all 
brickwork because it bonds the units together, to carry the weight placed on the wall 
and seals the joint to provide a weatherproof wall. However, the role it plays and the 
influence it has on performance and appearance are far greater than the proportion 
used (Beningfield, 1999).  
 
 BS 5628-3:2001 describes mortar for building to be composed of one part 
binder, which is cement or lime or both, and three parts sand to give a workable mix; 
this has been used for a very long time. BS 5628: Part 1 gives the specifications for 
the various mortar grades used. Sufficient water is added to achieve suitable 
workability for the bricklayer to spread the mortar smoothly. However the 
satisfactory mix for most works is one part hydrated lime, one part cement and six 
parts sand by volume. Lime cement mortar is most suitable because it combines the 
advantages of good workability with early strength. It should be used up within an 
hour of mixing, however, it is not suitable for works below the damp course level.  
 
In define the quality of mortar, ASTM C270 focuses on three masonry 
properties such as water retention, air content and compressive strength. However, 
these parameters only present a limited view of characteristics of the mortar. Other 
parameters such as workability, durability and chemical composition of the mortar 
are also important. In study the chemical composition of the samples from medieval 
city walss, Franzini et al. (2000) found that, the mortar is mainly composed of SiO2 
and CaO as well as Al2O3 and CO2 (see Table 2). 
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The cement lime mortars generally have low strength but are able to 
accommodate large movements without signs of distress. However, cement mortars 
are not suitable for use with some other types of masonry units. The selection of the 
mortar mix depends on such factors as consistency, durability, and its ability to bond 
with the masonry unit (Lawrence, 2008). In addition, although similar mixes are 
used, the strength of mortar in practice may vary.  
 
Table 1.2: Chemical composition of the mortar (wt%), Franzini et al. (2000) 
 
   
  
 
MP 106 
 
MP 111 
 
 
MP 114 
H2O+ 5.26 4.01 2.96 
CO2 9.95 11.76 14.01 
Na2O 0.68 0.80 1.06 
MgO 1.80 2.24 1.58 
Al2O3 5.55 5.90 5.85 
SiO2 51.20 48.20 46.86 
P2O5 0.05 0.04 0.05 
SO3 0.02 2.36 0.23 
K2O 1.10 1.11 1.45 
CaO 22.84 21.92 23.63 
TiO2 0.19 0.21 0.19 
MnO 0.05 0.06 0.09 
Fe2O3 1.31 1.39 2.04 
ΔCaO 10.18 6.95 5.80 
(ΔCaO/CaO)*100 44.56 31.72 24.54 
 
 
1.6 Definition of terms 
 
1.6.1 Durability 
 Durability is defined as the ability of the material to remain serviceable for an 
acceptable period without excessive or unexpected maintenance. For brickwork, it 
refers to the resistance of the masonry wall to attacks by soluble salts. Durability also 
Composition 
Type of mortar 
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depends on the environmental condition because the difference in exposure has 
obvious effects on durability. In general, mortar is less durable than fired-clay and 
calcium silicate bricks because it contains reactive and binders such as ordinary 
Portland cement. It also has a high porosity and lower hardness and abrasion 
resistance.  
 
 
1.6.2 Evaporation process 
 Evaporation is a thermal separation process that occurs only on the surface of 
the specimens.  The evaporation rate for the external surface of masonry materials is 
related to the nature of the wall surface and environmental condition. In most cases, 
the concentrate resulting from the evaporation process is the final product. For the 
masonry wall, the final products of evaporation process are efflorescence, which 
grows on the surface of the masonry walls, and crystal, which grows underneath the 
surface.  
 
 
1.6.3 Efflorescence 
 Efflorescence occurs when soluble salts transported by moisture cannot 
evaporate and are left behind on the wall surface as white efflorescence. The 
presence of this compound does not deteriorate the masonry structure but causes 
problems in aesthetics. Efflorescence depends on the soluble salt content as well as 
on the wetting and drying conditions.   
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1.6.4 Moisture movement 
 Moisture movements in masonry depend on the type of masonry unit and are 
related to the percentage of moisture absorbed. They also depend on the deformation 
properties of mortar. They can either shrink or expand and may either be reversible 
or irreversible. However, the total moisture movement is very dependent on the 
difference between the shrinkage and the moisture expansion of the masonry wall. In 
this research, the moisture movements for unloaded masonry are defined, as shown 
in Figure 1.1. 
 
 
 
 
 
 
 
 
 
Figure 1.1: Moisture movement of unloaded specimen 
 
 
1.6.4.1 Expansion 
 Moisture expansion is the main cause of volume instability in masonry 
materials. The moisture expansion is generated by the fired-clay brick. After removal 
from the kiln, the fired-clay units exhibit a small growth due to its exposure to water 
vapor or water. The fired-clay units start to expand from the time they begin to cool 
after firing.  
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1.6.4.2 Shrinkage 
 Shrinkage is defined as the time-dependent strain generated due to moisture 
loss through evaporation at a constant temperature without load. The shrinkage is 
generated by the mortar and calcium silicate bricks. It is a volumetric effect and is 
expressed as a linear strain because it is normally measured on a structural element 
by the determination of length change.  
 
 
1.6.5 Compressive strength  
 The strength of a material is its ability to resist force, which is equal to the 
stress that the material can resist. It is the most important property and can be used to 
assure the engineering quality in the application of building materials. Strength is 
also normally proportional to the modulus of elasticity; thus, when strength 
decreases, a reduction in elasticity occurs. Mortar has a tendency to influence the 
strength of masonry wall.  Although bricks have high strength and elasticity, when 
combined with the mortar, they can resist the vertical load. If the strength of the 
mortar joint is low, the masonry wall strength is not reduced, but if the thickness 
varies, the strength could be inconsistent. Furthermore, incomplete mortar bed joints 
give rise to stress concentration, which causes the failure of the masonry under 
relatively low strength. 
 
 
1.6.6 Modulus of elasticity 
 The modulus of elasticity is defined as the ratio of stress to a corresponding 
strain below the proportional limit of a material. The stress-strain relationship of 
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masonry is classified as non-elastic and non-linear. There are four different 
definitions of elastic modulus for masonry: secant modulus, chord modulus, initial 
tangent modulus, and tangent modulus (Figure 1.2). In this report, the elastic 
modulus cited the tangent moduli at the elastic range of the stress-strain curves as 
shown in curve 2 in Figure 1.2.  
 
 
Figure 1.2: Types of elastic modulus measurement for masonry 
St
re
ss
 (σ
) 
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1. Initial Tangent Modulus 
2. Tangent Modulus 
3. Chord Modulus 
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CHAPTER 2 
 
 
LITERATURE REVIEW  
 
 
2.1   Introduction 
 This chapter discusses the effect of salt attack and the factors that influence 
the formation of the crystallizing salt in masonry structures. A general literature 
review of research carried out on elasticity and moisture movement affecting 
masonry structures is also presented. 
 
 
2.2  Salt attack in masonry material 
 Salt attack is a process that needs a combination of permeable masonry, 
moisture, soluble salt, and evaporation. The effect of salt attack on masonry material 
and structures can present in different forms, i.e., efflorescence, scaling, cracking, 
crumbling, and softening.  
 
 Salt attack is also one of the physical phenomena that is strictly controlled 
and prevented to make the material more durable. This phenomenon can cause the 
decay and deterioration of masonry material. Decay and deterioration occur when 
evaporation process takes place underneath the surface, leaving the salts to grow as 
crystals in the masonry pores. In addition, the growth pressure of developing crystals 
is sufficient to deteriorate masonry materials. However, this occurrence depends on 
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the physical properties of brick unit and mortar joint. Espinosa et al. (2008a), 
Rijniers et al. (2005), and Buchwald and Kaps (2000) agreed that the cause of decay 
and deterioration is due to the influence of the existence and movement of water and 
damaging salt. In Australia, salt attack has been the primary mechanism of more 
severe masonry decays (Young, 1995). Espinosa et al. (2008b) noted that a 
significant part of the damage of building material is due to the salts contained in the 
pores of the material caused by the hygroscopic properties of soluble salts solutions. 
 
 Zsembery (2001) revealed that not all salts that exist in moisture can cause 
damage, more so are liable to attack. In addition, Zsembery (2001) indicated that, in 
practice the most common case of salt attack are due to the existence of sodium 
sulphate and sodium chloride. It contrast, Young (1995) found that the types of salt 
commonly presence in masonry walls are sodium chloride and calcium sulphate. 
Binda and Molina (1990) revealed that sulphate is one of the salt types most 
frequently found and is destructive for masonry materials. The nature of the masonry 
is very important because it is influence the amount of salt required to cause damage. 
However, more than 0.5% by weight is considered a cause for concern.   
 
 Bucea et al. (2005) studied the effect of sodium sulphate and sodium chloride 
in the brick-mortar stack. The sulphate and chloride solution used are about 6.2% and 
14% by weight volume (w/v) as recommended by AS4456.10. These are then 
exposed to seven cycles with seven days wet and seven days dry for each cycle. 
After one cycle, the salt appeared on the surface of the brick, and the mortars 
deteriorated, causing the binder to lose its cohesion. However, after seven cycles, the 
mortars became soft especially in sodium sulphate solution. This situation is mainly 
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due to the crystallization of sodium sulphate and sodium chloride. According to 
Benevente et al. (2004), who studied salt crystallization in porous stone, 
efflorescence is produced if salt crystallization in porous stone occurs on the surface 
of the stone, whereas subflourescence is produced if salt crystallization occurs in the 
porous media of the stone. Salt subflorescence usually produces more decay than salt 
efflorescence.  
 
 Salt resistance on fired-clay brick was studied by Phillips and Zsembery 
(1982) using a cycling test method. The bricks were exposed for 2 hours to sodium 
chloride and sodium sulphate, both having a concentration of 14% (w/v). These were 
then dried for 22 hours at 110 ºC. The number of cycles ranged from 1 to 80 cycles, 
depending on the type and quality of the brick such as firing temperature. The study 
reported that less sodium chloride cycles with an average of 4 to13 cycles are needed 
to cause failure in specimens fired at a lower temperature ranging from 900 to1000 
°C compared with the case with sodium sulphate with an average of 8 to15 cycles. In 
specimens fired at 1050°C, sodium sulphate caused failure in a limited number of 
cycles, whereas many of the specimens survived a large number of sodium chloride 
cycles. This is parallel with the study conducted by Van Hees and Brocken (2004), 
which also reported that sodium sulphate provides more severe conditions than 
sodium chloride because with sodium sulphate, brick masonry showed intensive 
brick spalling and scaling and was pushed out of the mortar joints. However, when 
the masonry was treated with siloxane after contamination with salt, the damage of 
the masonry exposed to sodium chloride was more serious than that exposed to 
sodium sulphate.   
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 The effects of sodium and magnesium sulphate on the masonry mortar were 
explored by Lee et al. (2008) and Santhanam et al. (2002).  Lee et al. (2008) cured 
the specimens in the solutions up to 15 month. After 15 months, the mortar 
specimens deteriorated due to sulphate attack; as a result, surface damage and 
reduction in compressive strength occurred. Moreover, the expansion of the mortar 
specimens affected with magnesium sulphate solution was lower than that of the 
mortar specimens affected with sodium sulphate solution. This situation occurred 
because in different pH environments, the sulphate expansion properties are 
significantly related to the stability of products caused by sulphate attack (Al 
Amoudi et al. 1995). 
 
 Brickwork is a composite material made up of a combination of mortars and 
bricks. When expansion occurs in mortar, the effect is normally on the overall 
expansion of the brickwork. DeVekey (2008) explained that sometimes, small 
horizontal cracks are visible in the center of the wall because mortar is typically 
affected more within the body of the wall than on the surface. Due to the greater 
expansion in the center of the wall, which remains wetter for longer periods than the 
outside, axial cracks may appear on the external elevation in thick masonry. 
However, lateral cracking may occur as well, but it is expected to be less obvious 
when there is a high axial load stress. 
 
 
2.3  Factors influencing salt attack in masonry structure 
 The factors influencing the salt attack are very important and will be 
discussed in this section. The factors namely, soluble salt, microstructural properties, 
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mortar mixes, moisture, and temperature and humidity must be present for salt decay 
to occur because if any one factor is removed from the process, salt attack could be 
prevented (DeVekey, 2008). 
 
 
2.3.1 Soluble salt 
 Soluble salt is one of the main factors as if desirable for salt attack. It can be 
derived from an external source, as discussed in Section 1.2, and can also occur 
naturally in the material’s body, such as fired-clay brick. Soluble salts in fired-clay 
brick are developed by the reaction between sulfur oxides formed during firing and 
minerals present in the brick (Edgell, 2005). The common problem associated with 
soluble salt in masonry wall is the formation of efflorescence on the surface. 
However, efflorescence is an aesthetic problem and can be removed with water. A 
more serious effect occurs when a high level of soluble salt is present in the masonry 
materials, causing the crystallization of salt to occur underneath the surface of the 
brickwork material, as discussed in Section 2.2.  
 
 Bricks are classified according to their resistance to soluble salt content and 
frost.  However, due to humid and warm climates, resistance to frost attack was 
neglected in the conditions set in Malaysia. The soluble salt limits for fired-clay 
bricks as given in BS EN 771 Part 1 and BS 3921:1985, is shows in Table 2.1. 
However, BS EN 771 Part 2 and BS 187: 1978 do not discuss the soluble salt limits 
for calcium silicate brick.  
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Table 2.1: Category limits for active water soluble salts 
 
 
 BS EN 771-1 classifies three categories of soluble salt contents, namely, S0, 
S1, and S2, as presented in Table 2.1. Category S0 comprises bricks not subject to 
any limit on specified soluble salt. It is intended for use in situations where the total 
protection against water penetration is provided. However, category S1 gives a limit 
for bricks on soluble salt, including sodium, potassium, and magnesium contents. In 
category S2, bricks have a lower limit than those in S1. In contrast, BS 3921:1985 
limits the soluble salt content of fired clay brick unit into two categories. The first 
category is Low (L) class with restrictions on the ions of magnesium, potassium, and 
sodium as well as on the total amount of sulphate. The second category is the Normal 
(N) class with limits on the amount of specific soluble salts as a combination of 
sodium, magnesium, and potassium as well as on the total amount of sulphate. This 
classification is very important for the durability of the masonry wall aspect because 
soluble salt can damage and deteriorate the cement mortar if it is continuously 
exposed to moisture or wet conditions. 
 
 
 
 
Soluble ion 
BS 3921: 1985 BS- EN 771-1 
Low (L) 
(%) 
Normal (N) 
(%) 
S0 
(%) 
S1 
(%) 
S2 
(%) 
 
Sodium 
 
Potassium 
 
Magnesium 
 
Sulphate 
 
 
0.030 
 
0.030 
 
0.030 
 
0.500 
 
 
 
0.25 
 
 
 
1.60 
 
 
No 
  requirement 
 
 
 
Nil 
 
 
0.170 
 
 
 0.080 
 
Nil 
 
 
   0.060 
 
 
 0.030 
 
Nil 
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2.3.2 Microstructure  
The movement of soluble salt within the bricks unit is one of the most 
important factors in the development of crystallization pressure. Salt crystallization 
greatly depends on the pore structure parameter. Benavente et al. (2006) classified 
the main pore structure parameters into three: porosity, pore size distribution, and 
pore shape. Porosity is defined as the ratio of the volume of voids to the total volume 
of bricks and is expressed as percentage. Specifically, connected porosity is related 
to the flow of weathering agents and the remaining moisture or dampness in such a 
way that it produces negative effects on the durability of the brick. Additionally, 
porous bricks with high porosity and a large percentage of pores measuring less than 
1–2.5 micrometer in radius have a tendency to decay (Benevente et al. 2006). 
 
 Most masonry building materials, such as fired-clay and calcium silicate 
bricks, are permeable or, to some extent, porous that they contain voids or pores. 
Such permeable structures allow water vapor to be transmitted and also allow water 
to penetrate. Water or moisture can penetrate permeable masonry materials due to 
natural capillary absorption such that the masonry in contact with the soil draws 
ground water into its pores by capillary action. According to BS 3921:1985, a water 
absorption test can be carried out using 24 hours of cold water test or 5 hours of 
boiling water test. BS3921 classifies water absorption for Engineering Class A (≤ 
4.5%) and Engineering Class B (≤ 7.0%). However, for design purposes, BS5628: 
Part 1 has three categories of water absorption to characterize flexural strength: less 
than 7%, between 7% and 12%, and more than 12%. Water or moisture generally 
carries the soluble salt to the masonry material. Figure 2.1 shows the schematic 
diagram of water absorption in masonry from a water spray. 
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Figure 2.1: Water absorption process in masonry exposed to water spray 
 
 The rate of crystallization pressure depends on the size of the pore, where low 
pressure will be generated if the pore size is large (Scherer, 1999). Ordonez et al. 
(1997) recognized the durability of the stone based on the fact that crystallization 
pressure is inversely related to pore size, extrapolating salt stress from one pore to 
the whole porous stone. This fact is established by defining the durability 
dimensional estimator (DDE) as follows: 
( )1−mDDE µ  = ( )[ ] conciiv PrrD∑ /               [2.1] 
where,  
Dv  =  pore size distribution 
   ri = pore size 
  Pconc = connected porosity 
 Porosity is related to the mineralogical composition of the raw material, as 
clay bricks manufactured with a high sand fraction have a tendency to be extremely 
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Moisture 
Moisture 
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Moisture 
Brick 
Brick 
Mortar 
Moisture 
Moisture 
Moisture 
Moisture 
310 
 
REFERENCES 
 
Abdullah C. S. (1988), Influence of geometry on creep & moisture movement of clay, 
calcium silicate and concrete masonry, PhD Thesis Department of Civil 
Engineering, University of Leeds, United Kingdom. 
 
Abu Bakar, B. H. (1998) Influence of anisotrophy and curing on deformation of 
masonry. Ph.D Thesis, Department of Civil Engineering, University of Leeds, 
United Kingdom. 
 
Ahmad, A. G. (2004), Scientific  Studies  And  Laboratory  Tests  In The  
Restoration  Of   Old  Town  Hall,  Georgetown,  Penang,  Persidangan 
Kebangsaan Sains  dan Teknologi Dalam Pemuliharaan Warisan Negara: 
Mengintegrasi Sains,  Teknologi dan Warisan, Kuala Lumpur: Jabatan 
Muzium dan Antikuiti Malaysia,  pp. 47- 59. 
 
ACI-530-92/ASCE-5-92. (1996) Building code requirement for concete masonry 
structures. ACI Manual of Concrete Practice Part 5. 
 
Al-Amoudi, O. S. B. (2002) Durability of plain and blended cements in marine 
environments. Journal of Advances in Cement Research. Vol. 14, No. 3, pp. 
89 – 100. 
 
Al-Amoudi, O. S. B., Maslehuddin, M & Abdul-Al, Y. A. B. (1995) Role of chloride 
ions on expansion and strength reduction in plain and blended cements in 
sulfate environments. Construction and Building Materials. Vol. 9, No. 1, pp. 
25-33. 
 
Al-Dulaijan, S. U., Maslehuddin, M., Al-Zahrani, M. M., Sharif, A. M., Shameem, 
M. & Ibrahim, M. (2003) Sulfate resistance of plain and blended cements 
exposed to varying concentrations of sodium sulphate. Journal of cement and 
concrete composite. Vol. 25, pp. 429 – 437. 
 
311 
 
Alexander, S. J & Lawson, R. M. (1982) Design for movement in buildings. CIRIA, 
Technical Note 107. 
 
Ameny, P., Loov R. E., & Shrive N. G (1983), Prediction of elastic behavior of 
masonry, International Journal of Masonry Construction, Volume 3, No. 1, 
pp 1-8. 
 
Amjad, M. A. (1990) Elasticity and strength of masonry unit and mortar, PhD 
Thesis, Department of Civil Engineering, University of Leeds, United 
Kingdom. 
 
Amjad, M. A. (1999) Elasticity and shrinkage of cement: sand mortar produced in 
Riyadh, JKAU: Eng Sci., Vol. 11 No. 2, pp. 91-105. 
 
Anand, K. B., Vasudevan, V., & Ramamurthy, K., (2003), Water permeability 
assessment of alternative masonry systems. Building and Environment. Vol. 
38, pp. 947 – 957. 
 
GeoPave Materials Technology (2003). Brick masonry structures.  Technical note 
68. Technical Consultant - Concrete, GeoPave. 
 
Aprile, A., Benedetti, A., & Grassucci, F. (2001) Assessment of cracking and 
collapse for old brick masonry columns. Journal of Structural Engineering. 
Vol. 127, No. 12, pp. 1427–1435. 
 
ASTM International. ASTM C270- 05. (2005) Standard specification: Mortar for 
units masonry. ASTM International. 
 
Austral Bricks. (2008) Brick properties and brick laying practices. Austral Brick Pty 
Ltd. New Zealand. 
 
Baker, L. R., & Jessop, E. L. (1982) Movement in clay brickwork: a review. 
International Journal of Masonry Construction, Volume 2, No. 3, pp 103-
109. 
312 
 
BDA Design note 7. (2006) Brickwork durability. Brick Development Association, 
United Kigdom. 
 
Beall, C. (2003) Masonry design and detailing for architects and contractors, Fifth 
Edition, London. McGraw-Hill. 
 
Beasley, K. J. (1990) Leaking Brick-Clad Wall: Causes, Prevention and Repair, 
Journal of Performance of Constructed Facilities, Vol. 4, No. 2, pp. 124-133. 
 
Benevente D, Garcia del Cura M A, Garica-Guinea J, Sanchez-Moral S S., & 
Ordonez, S. (2004) Role of pore structure in salt crystallisation in unsaturated 
porous  stone.  Journal of Crystal Growth. Vol. 260, pp. 532–544. 
 
Benevente, D., Linares-Fernandes, L., Cultrone, G., & Sebastian, E. (2006),  
Influence of microstructure on the resistance to salt crystallisation  damage in 
brick. Journal of Materials and Structures. Vol. 39 pp. 105–113. 
 
Beningfield, N. (1999) Mortars: Today and for the New Millenium. In: Dhir, R. K. & 
Limbachiya, M. C. Utilizing ready-mixed concrete and mortar, scotland: 
Thomas Telford. pg 389-402. 
 
Binda, L., & Molina, C., (1990) Building Materials Durability: Semi-Markov 
Approach, Journal of Materials in Civil Engineering, Vol. 2, No. 4, pp. 223-
239. 
 
Binda, L., & Baronio, G., (2006) The durability of masonry in aggressive 
environments  and techniques for its conservation and protection. In: Yu, C. 
W., & Bull, J. W. Durability of Materials and Structures in Building and 
Civil Engineering; CRC Press, USA pg 184-240. 
 
Bingel, P. R. (1993) Stress and relaxation, creep and strain under varying stress in 
masonry. Ph. D Thesis. Department of Civil Engineering, University of 
Leeds, United Kingdom. 
313 
 
Bowley, B. (1993) Calcium silicate bricks. Structural survey. MCB University Press. 
Vol. 12, No. 6, pp. 16-18.  
 
Bristish Standard Institution. BS 1881-122: 1983. Testing Concrete: Method for 
Determination of Water Absorption, BSI London 
 
Bristish Standard Institution. BS EN 771 Part 2: 2003. Specification for masonry 
units: Calcium silicate masonry units, BSI London. 
 
Bristish Standard Institution. BS EN 772 Part 1; 2003. Specification for masonry 
units:  Clay masonry units, BSI London. 
 
British Standard Institution. BS 5628 Part 3: 2001. Code of Practice for the use of 
Masonry: Materials and components design and workmanship, BSI London. 
 
British Standard Institution. BS 3921:1985. Clay Bricks and Blocks. BSI London. 
 
British Standard Institution. BS 5628 Part 1: 2005. Code of Practice for the use of 
Masonry: Structural use of unreinforced masonry. BSI London. 
 
British Standard Institution. BS 5628 Part 2: 2005. Code of practice for use in 
masonry: Structural use of reinforced and prestressed masonry. BSI London. 
 
British Standard Institution; BS 187: 1978: Specification for calcium silicate bricks. 
BSI London. 
 
British Standard Institution. BS 6100 Section 5.1: 1985. British Standard Glossary of 
Building and Civil Engineering Terms. Part 5, Masonry, Section 5.1, Terms 
Common to Masonry. BSI London. 
 
British Standard Institution; BS 4551: 2005 Mortar - Methods of test for mortar - 
Chemical analysis and physical testing, BSI London; 2005 
 
314 
 
British Standard Institution; BS 12: 1996, Specification for Portland Cement, BSI 
London; 1996 
 
British Standard Institution; BS 1200: 1976; Specification for building sand from 
natural sources, BSI London; 1976 
 
Brooks, J. J. (1986) Time-dependent behaviour of calcium silicate and fletton clay 
brickwork walls. Proceeding of British Masonry Society. 
 
Brooks, J. J., and Abdullah, C. S. (1990) Geometry effect on creep and moisture 
movement of brickwork. Journal of Masonry International. Volume 3, No. 3. 
 
Brooks, J. J., & Amjad, M. A. (1990), Strength and elasticity of calcium silicate and 
concrete masonry test specimens. British Masonry Society Proceeding, No.4, 
pp. 30-33. 
 
Brooks, J. J., & Bingel, P. (1988) Moisture expansion of fletton brickwork. 
Proceeding 1st International Masonry Conference. British Masonry Society 
Proceeding, No. 2. 
 
Brooks, J. J., & Forth, J. P. (1995) Influence of mortar types on the long term 
deformation of single leaf brick masonry. Proceeding 7th International 
Masonry Conference. pp. 157 – 161.  
 
Brooks, J. J., Abdullah, C. S., Forth, J. P., & Bingel, P. R. (1997). The effect of age 
on the deformation of masonry. Journal of Masonry International. Volume 
11, No. 2. 
 
Brooks, J. J., & Abdullah, C. S. (1988) Composite model prediction of the geometry 
effect on creep and shrinkage of clay brickwork. Proc. 8th International 
Masonry Conference, Dublin. Pp. 316 – 323. 
 
Brooks, J. J. & Abu Bakar, B. H. (2004) Shrinkage and Creep of Masonry Mortar. 
Journal of Materials and Structures. Vol. 37, pp. 177-183. 
315 
 
Brooks, J. J. & Bingel, P. (1985) Influence of size on moisture movement in 
unrestrained masonry. Journal of Masonry International. No. 4, pp. 36 – 44. 
 
Brooks, J. J. (1990) Composite modelling of masonry deformation. Journal of 
Material and Structures. Vol. 23, pp. 241 – 251. 
 
Bremner, A. (2002) The origin and effect of cryptoflorescence of fired clay brick. 
Ph.D  Thesis. Department of Civil Engineering, University of Leeds, United 
Kingdom. 
 
Bucea, L., Sirivivatnanom, V., & Khatri, R. (2005) Building materials deterioration 
due to salts attack laboratory experimental program, Internal Technical 
Report. CSIRO Manufacturing and Infrastructure Technology , CMIT 2005-
165. 
 
Buchwald, A., & Kaps, C. (2000) The ion mobility of deteriorating salts in masonry 
materials of different moisture content., Material for Building and Structure. 
Euromat 99, Vol. 6, pp. 157-162. 
 
Chai, S. K., & Neis, V. V., (1987) Structural bond behaviour of mortar to light and 
normal weight block. 2nd Internatinal Seminar on Structural Masonry for 
Developing Countries. Kuala Lumpur.    
   
Construction Industry Research & Information Association, CIRIA. (1986) 
Movement and cracking in long masonry walls. CIRIA practice note. CIRIA.  
 
Cultrone,  G., Sebastian, E., Elert, K., Josse de la Torre, M., Cazalla, O., & 
Rodriguez-Navarro, C. (2004) Influence of mineralogy and firing temperature 
on the porosity of bricks.  Journal of the European Ceramic Society. Vol. 24, 
pp.  547–564. 
 
Curtin W. G., Shaw G, Beck J. K. & Bray W. A (1995); Structural Masonry   
Designer Manual. Blackwell Science. United Kingdom. 
 
316 
 
DeVekey, R. C. (2006), The Durability of Masonry Mortar, Stone and Ancillary 
Components. In: Yu, C. W., & Bull, J. W. Durability of Material and 
Structures in Building and Civil Engineering. CRC Press. Scotland.  pp. 246 
– 267. 
 
DeVekey, R. C. (2008) Brickwork and Blockwork. Construction Materials; Their 
Nature and Behaviour. Third Edition, Spone Press, New York. 
 
Domone, P. L. J. (2008), Concrete; Construction Materials: Their Nature and 
Behaviour, , 3rd Edition, Spon Press, United Kingdom. pg. 89 
 
Edgell, G. (2005) Material Testing; The Testing of Ceramics in Construction; 
Whittles Publishing. Scotland. pp. 17 – 42.  
 
Elert, K., Cultrone, G., Navarro, C. R., & Pardo, E. S. (2003) Durability of bricks 
used in the conservation of historic buildings – Influence of composition and 
microstructure. Journal of Cultural Heritage. Vol. 4, pp. 91–99. 
 
Eskanazi, A., Ojinaga, J., & Turkstra, C. J. (1975) Some mechanical properties of 
brick  and block masonry – interim report. McGill University. Montereal. 
PQ, Structural Masonry. Series No. 75-1. 
 
Espinosa, R. M., Franke L., & Deckelmann, G. (2008a) Phase changes of salts in 
porous  materials: Crystallization, hydration and deliquescence. Journal of 
Construction and Building Materials. Vol. 22, pp. 1758–1773. 
 
Espinosa, R. M., Franke, L., & Deckelmann, G. (2008b) Model for the mechanical 
stress  due to the salt crystallization in porous materials. Journal of 
Construction and Building Materials. Vol. 22, pp. 1350–1367. 
 
Essroc (2011) M-18: Preventing Leaky Walls. Essroc Technicak Notes for Masonry; 
http://www.essroc.com/assets/essroc/corporate/m18preventingleakywalls-pdf 
 
317 
 
Eurocode. No. 6 BS EN 1996-1-1: 2005; General rules for reinforced and 
unreinforced  masonry structures; Commision of the European 
Communities. 
 
Ewing, B. D., & Kowalski, M. J. (2004) Compressive behavior of unconfined and 
confined clay brick masonry. Journal of Structural Engineering. Vol. 130, 
No. 4,  pp. 650 – 661. 
 
Fernandes, F., & Lourenco, P. B. (2007) Evaluation of the compressive strength of 
ancient clay bricks using microdrilling. Journal of Materials in Civil 
Engineering. Vol. 19, No. 9, pp. 791- 800. 
 
Forth, J. P., & Brooks, J. J. (1995) Influence of the clay unit on the moisture 
expansion of masonry, Masonry International Journal 
 
Forth, J.P.& Brooks, J. J. (2008) Creep of clay masonry exhibiting cryptoflorescence. 
Journal of Materials and Structures. Vol. 41. pp. 909-920. 
 
Franzini M, Leoni L & Lezzerini M (2000), A procedure for determining the 
chemical composition of binder and aggregate in ancient mortars: its 
application to mortars from some medieval building in Pisa, Journal of 
Cultural Heritage 1, pg 365 - 373 
 
Gumaste, K. S., Nanjunda Rao, K. S., Venkatarama Reddy, B. V., & Jagadish, K. S. 
(2007). Strength and Elasticity of Brick Masonry Prisms and Wallettes under 
Compression, Journal of Materials and Structures, Vol. 40, pp. 241 – 253. 
 
Gurevich, M. (2005) Water Penetration through Exterior Walls: Weep Holes Provide 
the Best Protection against Serious Problem, Masonry Construction. New 
York.  
 
Hanson Brick. (1999) Movement in masonry. Hanson Brick.  Bedford, United 
Kingdom. http://www.outhaus.ie/architects/downloads/movement.pdf 
 
318 
 
Hendry, A. W. (2001), Masonry walls: material and construction, Journal of 
Construction  and Building Materials. Vol. 15, pp 323 – 330. 
 
Hendry, A. W. & Khalaf, F. M. (2001) Masonry Wall Construction. London: Spon 
Press. 
 
Hendry, A. W.  (1991) Reinforce and prestressed masonry. New York: Longman 
Scientific & Technical. 
 
Hendry, A. W. (1981) Structural brickwork. United Kingdom: The Macmillian Press. 
 
Hendry, A. W. (1987) State-of-art report: Masonry materials and the effect of 
workmanship. Proc. 2nd International Seminar on Structural Masorny for 
Developing Countries. Kuala Lumpur.   
 
Hendry, A. W. Sinha, B. P & Davies, S. R. (1997) Design of masonry structures. 
United  Kingdom: E & FN Spon.  
 
Hime W. G and Mather B (1999), Sulfate Attack, or is it? Journal of Cement and 
Concrete Research 29 pp 789–791 . 
 
Ibrahim, H. H., Hodhod, H. A., & Youssef,  M. A. R. (2006) Durability, drying 
shrinkage  and physical properties of mortars used in restoration of 
historical buildings in Egypt. 1st International Structural Specialty 
Conference. Calgary. Alberta. Canada. pp. 1-10. 
 
Ibrahim, J. K. (2008) Nuclear power prospect & power plant envelope for Malaysia, 
IAEA workshop on elaboration of common user considerations for 
development and deployment of nuclear power plant in developing countries, 
Vienna, Austria 
 
Jahangir, B., Makhtar, A. M., Sambasivam, S. (2004) Finite element modelling of 
structural clay brick masonry subjected to axial compression, Jurnal 
Teknologi. 41(B), pp. 57–68, Universiti Teknologi Malaysia. 
319 
 
Jessop, E. L (1980), Moisture, thermal, elastic and creep properties of masonry: A 
State- of- the-art report. Proceeding 2nd Canadian Masonry Sympossium. 
Ottawa. pg 505-520. 
 
Jessop, E. L., Shrive, N. G., and England, G. L. (1978) Elastic and creep properties 
of masonry. Proc. Of North American Conference. Colorado. pp 12.1-12.17.  
 
Jordan, J. W. (2001) Factors in the Selection of Mortar for Conservation of Histroric 
Masonry, 6th Australasian Masonry Conference, Adelaide, Australia. 
 
Kamal, K. S., Ab Wahab, L., Ahmad, A. G., & Abd Karim, S. B., (2007) 
Understanding the common building defect in Malaysia’s Historic Building. 
Proc. International Conference on Built Environment in developing 
countries. Universiti Sains  Malaysia. Penang, Malaysia. 
 
Karaman, S., Gunal, H., & Ersahin, S. (2006) Assessment of clay bricks compressive 
strength using quantitative values of colour components. Journal of 
Construction and Building Materials. Vol. 20. pp. 348–354. 
 
Kaushik, H. B., Rai, D. C., & Jain, S. K. (2007) Stress-strain characteristics of clay 
brick  masonry under uniaxial compression. Journal of Materials in Civil 
Engineering.   Vol. 19. No. 9. pp. 728 – 739.  
 
Khalaf, M., & DeVenny, A. S. (2002) new tests for porosity and water absorption of 
fired clay bricks. Journal of Materials in Civil Engineering. Vol. 14, No. 4. 
pp. 334-337. 
 
Kinniburgh, W. (1960) Comparison of drying shrinkage of autoclaved and air-cured 
concrete at different humidities, RILEM Symposium on Steam-cured 
Lightweight Concrete, Goteburg. 
 
Larbi, J. A. (2004) Microscopy applied to the diagnosis of the deterioration of brick 
masonry. Journal of Construction and Building Materials. Vol. 18. pp. 299–
307.  
320 
 
Larsen, E. S., & Nielsen, C. B. (1990) Decay of brick due to salt. Journal of 
Materials and Structures. Vol.  23. pp. 16-25. 
 
Lawrence, S. (2008) Manual 10: Construction guidelines for clay masonry. Think 
Brick  Austral, Australia. 
 
Lee, S. T., Swamy, R. N., Kim, S. S., & Park, Y. G. (2008) Durability of mortars 
made  with recycles fine aggregates exposed to sulfate solutions. Journals of 
Materials in Civil Engineering. Vol. 20. No. 1, pp. 63-70. 
 
Lenczner, D. (1980), Design of brick masonry for elastic and creep movements, 
Proceeding 2nd Canadian Masonry Sympossium. Ottawa. pp. 303- 316. 
 
Lenczner, D., & Salahudin, J. (1976) Creep and moisture movement in masonry piers 
and walls. 1st Canada Masonry Symposium. University of Calgary, Canada. 
 
Lubelli, B., van Hees, R. P. J., & Groo, J. W. P. (2004) The role of sea salts in the 
occurrence of different damage mechanisms and decay patterns on brick 
masonry. Journal of Construction and Building Materials. Vol. 18. pp. 119–
124. 
 
Lynch, G. C. J. (1993) Bricks: Properties and classification, structural survey. Vol. 
12 No. 4, 1993/4, pp. 15-20, London. 
 
Ma, G., Hao, H., & Lu, Y. (2001) Homogenization of masonry using numerical 
simulations. Journal of Engineering Mechanics. Vol. 127, No. 5, pp. 421-
431. 
 
Macleod, I. A., & Ndibazan, L. B. (1987) The effect of low mortar strength on the 
strength of brickwork, 2nd Internatinal Seminar on Structural Masonry for 
Developing Countries, Kuala Lumpur      
 
321 
 
Malaysia Standard; MS 76: 1972; Specification for bricks and blocks of fired bricks 
earth, clay and shale; Standard & Industrial Research Institute Malaysia, 
1972  
 
Marzahn, G. (1997) Dry-stacked masonry in comparison with mortar jointed 
masonry, LACER No.2, pp. 353-365. 
 
Maurenbrecher, A. H. P. (1980) The effect of test procedure on the compressive 
strength of masonry prisms. Proceeding 2nd Canadian Masonry Symposium, 
Ottawa. Canada, pp. 199-132. 
 
Navarro, C. R., & Doehne, E. (1999) Salt weathering: influence of evaporation rate, 
supersaturation and crystallization pattern. Earth Surf. Process. Landforms. 
Vol.   24. pp. 191 – 209.  
 
Nichols, J. M., & Totoev, Y. Z. (1997) Experimental determination of the dynamic 
modulus of elasticity of masonry units, 15th Australian Conferences of the 
Mechanics of Structures and Materials. Melbourne, Victoria. 
 
Ordonez, S., Fort, R. & Garcia del Cura M. A. (1997) Pore size distribution & 
durability of porous limestone. In: Benevente D, Linares-Fernandes L, 
Cultrone G, Sebastian E (2006),  Influence of Microstructure on the 
Resistance to Salt Crystallisation Damage in Brick, Journal of Materials and 
Structures, 39 pp. 105–113. 
 
Philips, D. N., & Zsembery, S. (1982) Assessment of the salt attack resistance of 
fired clay bricks. Clay Brick and Paver Institute (CBPI). Research Paper 8 
 
Raimondo, M., Dondi, M., Gardini, D., Guarini, G., & Mazzanti, F. (2009) 
Predicting the initial rate of water absorption in clay Bricks. Journal of 
Construction and Building Materials. Vol. 23. pp. 2623 – 2630. 
 
322 
 
Rajasekaran, G. (2005) Sulphate attack and ettringite formation in the lime and 
cement stabilized marine clays. Journal of Ocean Engineering. Vol. 32, pp. 
1133–1159. 
 
Ramamurthy, K., & Radhakrishnan, R. (2003) The influence of rendering 
(plastering) on the flexural bond strength of brick masonry. Journal of 
Masonry International. Vol. 16, No 3, pp. 99 – 103. 
 
Rijniers, L. A., Huinink, H. P., Pel, L., & Kopinga, K. (2005) Experimental evidence 
of crystallization pressure inside porous media. Physical Review Letters. The 
American Physical Society. pp. 1-4.  
 
Rithchie, T. (1975) Moisture expansion of clay bricks and brickwork. Building 
Research Note. National Research Council. Canada. No. 103. 
 
Santhanam, M., Cohen, M. D., & Olek, J. (2002) Mechanism of sulfate attack: A 
Fresh  Look Part 1. Summary of experimental result. Journal of Cement and 
Concrete Research. Vol. 32. pp. 915-921. 
 
Santhanam, M., Cohen, M. D., & Olek, J. (2003) Mechanism of sulfate attack: A 
Fresh  Look Part 2. Proposed mechanisms. Journal of Cement and Concrete 
Research. Vol. 33. pp. 341–346.  
 
Sarangapani, G., Venkatarama, Reddy, B. V., & Jagadish, K. S. (2005) Brick-mortar 
bond and masonry compressive strength. Journal of Materials in Civil 
Engineering. Vol. 17, No. 2, pp. 229 – 237. 
 
Scherer, G. W. (1999), Crystallization in pores. Journal of Cement and Concrete 
Research. Vol. 29.  pp. 1347–1358. 
 
Scherer, G. W. (2004) Stress from crystallization salt. Journal of Cement and 
Concrete Research. Vol. 34. pp. 1613-1624. 
 
323 
 
Selvarajah, S., & Jonhston, A. J. (1995) Water permeation through cracked single 
skin masonry. Journal of Building and Environment. Vol. 30. No. 1, pp. 19-
28. 
 
Shrive, N. G., & Jessop, E. L. (1980) Anisotropy in extruded clay units and its effect 
on masonry behaviour. Proceeding 2nd Canadian Masonry Symposium. 
Ottawa. Canada. pp. 39 – 50. 
 
Shrive, N. G., & England, G. L. (1981) Elastic, creep and shrinkage behaviour of 
masonry, International Journal of Masonry Construction, Vol. 1, No. 3, pp. 
103 – 108. 
 
Smith, R. G. (1993) Moisture expansion of structural ceramics: V. 28 years of 
expansion. British Ceramic Trans., Vol. 92. No. 6. 
 
Standard Institution of Malaysia. MS 76: 1972. Specification for bricks and block for 
fired brick earth, clay or shale. Part 2. Standard Institution of Malaysia 
 
Surej, R. K., Feldman, D., & Fazio, P. (1998) Development of new durability index 
for clay bricks. Journal of Architectural Engineering. Vol. 4. No. 3, pp. 87-
93.  
 
Taylor, P. J. (1981) Expansion in clay brickwork, Building Materials and Equipment, 
No 135. 
 
Thaulow, N., & Sahu, S. (2004) Mechanism of concrete deterioration due to salt 
crystallization. Journal of Materials Characterization. Vol. 53. pp. 123– 127. 
 
Thomas, K. (1996) Masonry wall: Specification and design. Butterworth Heinemann 
Ltd,  London. United Kingdom, pg 84. 
 
Van Hees, R. P. J., & Brocken, H. J. P. (2004) Damage development to treated brick 
masonry in a long-term salt crystallization test. Journal of Construction and 
Building Materials. Vol. 18, pp.331–338. 
324 
 
Veniale, F., Setti, M., Rodriguez-Navarro, C., Lodola, S., & Palestra Busetto, A. 
(2003)  Thaumasite as decay product of cement mortar in brick masonryof a 
church near venice. Journal of Cement & Concrete Composites. Vol. 25, pp. 
1123–1129. 
 
Vicenta R.D. S and Mendes da Silva J. A. R (2007), Defect of non-loadbearing 
masonry wall due to partial basal supports, Journal of Construction and 
Building Materials, Vol. 21, pp. 1977-1990 
 
Vieira C. M. F, Sanchez R, Monteiro S. N (2007), Characteristic of clays and 
properties of building ceramics in the state of Rio de Janeiro, Brazil, Journal 
of Construction and Building Materials, Article in Press, Science Direct 
 
Wan Ibrahim, M. H., Kolop, R., Masirin, M. I. M., Bambang, P., & Anguthan, S. 
(2007) Influence of natural acidic water on the physical properties of 
concrete. 4th International Conference on Geotechnical Engineering. 
Universiti Diponegoro, Semarang, Indonesia.  
 
Wild A, Gailius A, Hansen H, Pederson L & Szwabowski J (1997), Pozzolanic 
properties of a variety of European clay bricks, Journal of Building Research 
and Information, Volume 25,  No. 3. pg 170 - 175 
 
Winkler, E. H., & Singer, P. C. (1972), Crystallization pressure of salts in stone and 
concrete. Geological Society of American Bulletin. Vol. 83, pp. 3509-3514 
 
Young, D. (1995) Rising damp and salt attack. Department of Environment and 
Natural Resource. City o Adelaide. Australia. 
 
Zhang Z, Olek J, and Diamond S (2002), Studies on delayed ettringite formation in 
early-age, heat cured mortars I. Expansion measurement, changes in dynamic 
modulus of elasticity, and weight gains, Journal of Cement and Concrete 
Research, Vol. 32, pp. 1729-1736. 
 
325 
 
Zhang X. X, Ruiz G, Yu R. C, Tarifa M & Camara M (2009), Crack velocities in 
high-strength concrete at a wide range of loading rates. Anales de Mecanica 
de la Fractura 26, Vol. 2. pg 507- 512 
 
Zsembery, S. (2001) Manual 2: The properties of clay masonry units. Clay Brick and 
Paver Institution (CBPI), Australia. 
 
 
 
